X-ray microanatysis has revealed that the sodium content of the stomatal guard cells of Aster tripolium remains much lower than that of other leaf cells when the plants are grown at high salinity. Large amounts of sodium did, in contrast, accumulate in epidermal and subsidiary cells, and particularly in the mesophyll tissue, suggesting that a mechanism exists to limit the extent of its entry into guard cells. Even in plants grown at high salinity, the content of potassium was much higher than that of sodium in the guard cells, consistent with the view that this is a major ion involved in determining stomatal movements in this halophyte.
Introduction
The guard cells of the halophyte Aster tripolium L. have unusual ionic responses. The stomata on isolated epidermis open when they are supplied with potassium ions, and in this respect they resemble those of glycophytes.
They do, however, close when presented with sodium ions at concentrations (around 50 mol m~3) likely to be found in the apoplast of leaves when plants are grown under saline conditions (Perera et ai, 1994) . In the glycophyte Commelina communis L., the stomata of which have been extensively studied, irreversible opening and eventual damage to the guard cells occurred when the stomata were presented with Na + instead of K + (Jarvis and Mansfield, 1980; Clint, 1984) . It has previously been suggested by this laboratory that the response to Na + in A. tripolium is important in controlling transpiration, and hence the rate of delivery of salt to the leaves. There could thus be a 'top-down' regulatory mechanism which, it is hypothesized, would operate in this way: when the capacity of the shoot tissues to accumulate salt in cell vacuoles is exceeded, there is an increase in the Na + concentration in the apoplast, including that around the guard cells; this causes partial stomatal closure and reduces transpiration, resulting in increased water use efficiency and restricting the flow of salt into the leaves (Perera et ai, 1994) .
A knowledge of the distribution of ions in the epidermis and other tissues, and the relative concentrations of ions in different cells, was necessary to give a clearer picture of the relevance of the unusual stomatal behaviour of A. tripolium. The results are reported here of X-ray microanalysis of tissues and cells of plants grown with or without 300 mol m~3 NaCl in the rhizosphere, suggesting that the guard cells have acquired some ability to discriminate between Na + and K + , although Na + is not totally excluded.
Materials and methods
Seeds of A. tripolium L. were germinated by placing them on closed plastic Petri dishes lined with filter papers moistened with distilled water, and placed in a growth room (day/night temperature 24/20 °C, 16 h day length at a quantum flux density of 500/i.mol m~2 s" 1 ) for 7 d. They were subsequently grown in vermiculite in full strength Hoagland's solution (Hoagland and Arnon, 1938) under the same growth room conditions and 35% minimum relative humidity for 5 weeks. Salinity was then imposed on half the plants at a rate of 50 mol m~3 d" 1 by adding NaCl to the nutrient solution to give a final concentration of 300 mol m~3. Controls consisted of plants maintained at the basic nutrient solution without salt additions. Treatments were continued until the plants were about 8-weeks-old.
Preparation of the specimens for X-ray microanalysis 5x5 mm 2 pieces of fresh material from the youngest fully expanded leaf of the salt-treated and control plants of A. tripolium were mounted in the grooves of aluminium specimen holders using Tissue Tek II OCT compound (Miles, Naperville, Illinois, USA). The mounted specimens were then quench frozen in nitrogen slush (temperature <-210 °C), and stored in liquid nitrogen until they were planed in an ultramicrotome (Reichert Jung, FC 4E) at a temperature of -130°C to give a flat surface. After planing they were stored in liquid nitrogen in a jar kept in a dewar filled with liquid nitrogen.
The planed frozen specimens were transferred to the scanning electron microscope (SEM) (Jeol JSM 840A) without contact with the atmosphere, and were examined at a temperature lower than -145 °C. The residual water present in the form of ice was removed by freeze etching the specimens for 2 min at -87 °C. This procedure, which was routinely carried out for all the specimens only to dry the surface contamination, does not carry a great risk of recrystallization of ice within the samples (Robards and Sleytr, 1985) . After sublimation the samples were cooled to -145 °C. Furthermore, the heating and cooling of the specimens were done very rapidly to make sure that this procedure is 'recrystallization safe' (Robards and Sleytr, 1985) . The specimens were then given a uniform coating (50 nm) of aluminium to provide stability under the electron beam. X-ray microanalysis was performed in the SEM equipped with a Link LZ5 detector and a Link system 860 series II analyser. The accelerating voltage was 15 kV. Analysis was carried out by repeated scans across an area of 1 ^m 2 in the vacuolar region for a 200 s preset time. Different cell types in the cross-section were scanned for sodium, potassium and chlorine. Each cell was scanned in three different places (in the middle and at either end). The net counts were expressed as percentage relative to net aluminium count, which was considered as 100% (Huang et al., 1994) . Abaxial epidermal tissues were also examined under the SEM for the distribution of the above elements. In this case the epidermal peels were washed in deionized water and mounted cuticular surface upwards on to the polished surfaces of carbon stubs using thin layers of Tissue Tek II OCT compound; they were then immediately frozen in N 2 -slush, and used for X-ray microanalysis after coating with aluminium.
For comparison with A. tripolium, isolated epidermal peels of C. communis were used to determine the distribution of sodium, potassium and chlorine when they were presented with NaCl or KG. Here the abaxial epidermal pieces (5x5 mm) were incubated for 3 h under CO 2 -free air in 10 mol m~3 MES buffer (pH adjusted to 6.15 with either KOH or NaOH appropriately) containing 50 mol m~3 KG or NaCl. After the incubation the epidermal pieces were washed in distilled water and prepared for X-ray microanalysis in the same manner as the epidermal peels of A. tripolium.
It is known that the X-ray counting efficiency of sodium is lower than that of potassium or chlorine (Van Steveninck et al., 1982) and, therefore, the relative counting efficiencies were determined by analysing frozen agar standards containing known proportions of sodium, potassium and chlorine. The counting efficiencies for potassium and chlorine were close to unity, while that for sodium was very low. Thus, a correction factor of x 13 was applied for all the counts for sodium.
Results Tables 1 and 2 show the mean net X-ray counts together with the percentages (ratioed against aluminium, i.e. Al as 100%) for sodium, potassium and chlorine. Three measurements were made on each cell and the mean net counts given in Tables 1 and 2 represent at least 12 separate determinations. As can be seen in Table 2 , percentage X-ray counts for Na in guard cells of plants grown in 300 mol m~3 NaCl were consistently much lower than those for the subsidiary cells or epidermal cells (this species does not have any anatomically distinct subsidiary cells, but the term subsidiary is used here for convenience to denote the cells immediately adjacent to the guard cells, while epidermal cells are those which are not attached to guard cells) this difference being even more pronounced in leaf sections than epidermal strips. Also the total X-ray counts for Na, K and particularly Cl in the subsidiary and epidermal cells of the leaf sections were higher than those of the isolated epidermis. This may be because the use of leaf sections allows the analyses to be carried out more satisfactorily in the interior of the cells. On the other hand, lower X-ray counts obtained for epidermal peels may be due to the fact that a certain amount of these elements was lost during the preparation of the specimens, as they were washed thoroughly in deionized water. Furthermore, it is prudent not to make any direct comparison on the X-ray counts obtained from leaf sections with those from epidermal strips. In plants grown in 300 mol m~3 NaCl, the proportional increase in percentage sodium counts in epidermal and subsidiary cells with respect to guard cells was about 2-3-fold in epidermal strips, while in leaf sections the increase was about 4-5-fold in upper epidermis and 18-fold in lower epidermis. The most striking feature of the data is that in leaf epidermis Na + ions are mostly confined to the epidermal and subsidiary cells, and to a large degree are excluded from the guard cells.
Chloride seems to be the major balancing anion in the leaves at high salinity: X-ray counts for Cl in guard cells were, however, generally lower than those for K. This suggests that an organic anion such as malate may balance the K + content of the guard cells, as in some other species (Assman and Zeiger, 1987) . For control plants that had not been exposed to salinity the analyses revealed that in all cell types there was very little sodium or chloride and K seemed to be the major cation in all the cells examined in the leaves (Table 1) . In plants grown with 300 mol m 3 NaCl, all cells displayed increases in the Na: K ratio, but the rise was less marked in the guard cells than elsewhere (Table 3 ). It appears that the guard cells may be more successful than most other cell types both in retaining K and in partially excluding Na during exposure to high salinity.
The percentage X-ray counts for sodium in mesophyll cells were also high in salt-treated plants (Table 2 ). This implies that the mesophyll cells of NaCl-treated plants absorb and retain, presumably for osmoregulatory purposes, some of the salt transported to the leaf tissue via the xylem.
For comparative purposes, some determinations for Commelina communis were made, but because this is a glycophyte the plants could not be grown in saline conditions. Therefore epidermal peels were treated directly with 50 mol m~3 KC1 or NaCl and the contents of K, Na and Cl after 3 h incubation were determined (Table 4) . When Na + was made available to guard cells of C. communis they accumulated it to a point where the Na + concentration was more than 3 times that of K + , even though there appeared to be an abundant supply of K + available in most of the other cells of the epidermis.
Discussion
A large part of our knowledge of the ionic relations of stomatal guard cells is derived from studies of two species, Commelina communis and Vicia faba. These are both glycophytes, and when their stomata open, the guard cells accumulate K + ions, the balancing of which is shared by Cl" and malate, the latter making a substantial contribution if Cl~ is in short supply (Tallman, 1992) . In C. communis, studies using isolated epidermis have shown that substitution of an external supply of K + with Na + , in whole or in part, can disrupt the ability of stomata to close in response both to environmental signals (darkness and CO 2 ) and to abscisic acid (Jarvis and Mansfield, 1980) . If the supply of Na + to the guard cells is sufficiently prolonged they are eventually irreversibly damaged (Clint, 1984) , and the data here (Table 4) suggest that an inability to exclude Na may be responsible. There may even be a preference for Na + over K + , because the data in Table 4 indicate that large concentrations of K + were available in the surrounding cells. These supplies of K + in subsidiary and epidermal cells are those normally drawn upon by the guard cells of this species, for they drop dramatically when stomata open (Penny and Bowling, 1974) .
It is clear that the stomata of halophytes must have evolved mechanisms to overcome the disabling effect of Na + that occurs in C. communis. In Cakile maritima L. and Suaeda maritima L. (Eshel et al., 1974; Flowers et al., 1989 ) the stomata appear to be able to use Na + alongside K + , or as an alternative to K + , for driving the turgor changes in the guard cells. In the case of C. maritima, Eshel et al. (1974) found using X-ray microanalysis that when plants had been grown on Hoagland's nutrient solution, during stomatal opening potassium accumulated in the guard cells which were almost sodium-free. In contrast, plants grown in the presence of NaCl contained high amounts of sodium in the guard cells and the content of potassium had dropped to a very low level. This suggests there is a facultative mechanism which can adapt according to the ionic status of the leaves.
The situation found in A. tripolium is clearly different. The guard cells accumulate some sodium when the plants are grown at high salinity, but Na does not completely replace K. The proportional increase in sodium within the guard cells was smaller than that in the neighbouring cells of high salinity plants. It is known from previous studies (Perera et al., 1994) that supplies of NaCl to the guard cells strongly inhibit stomatal opening in A. tripolium, and the present results suggest that this effect occurs despite the entry of some Na + into the guard cells. The data enable us to suggest that the guard cells function essentially like those of glycophytes, making use of potassium and associated anions to regulate their turgor. Sodium ions do not replace potassium, but the guard cells have acquired the important ability to detect the concentration of sodium adjacent to or inside them, and respond in a manner which regulates water relations and the further uptake of salt into the shoot. 
